Objectives/Hypothesis: In this meta-analysis, we reviewed observational studies investigating differences in intelligence quotient (IQ) scores of children with unilateral hearing loss compared to children with normal hearing.
INTRODUCTION
Unilateral hearing loss (UHL) is estimated to affect between 1% and 5% of school-aged children and adolescents, and prevalence may be increasing over time. 1, 2 There has been persistent uncertainty regarding the impact of UHL on educational achievement. In the 1980s, Bess and Tharpe found that children with UHL had surprisingly high rates of grade failure when compared to normal hearing peers. 3, 4 More recently, Lieu et al. found that children with UHL have worse speech and language outcomes when compared to normal hearing peers. 5 However, other studies have found that children with UHL do not significantly differ from normal hearing peers in terms of intelligence or educational achievement. 6, 7 Perhaps because of uncertainty over the impact of UHL, debate remains regarding best practices for management of children with UHL, and providers lack evidence-based recommendations for intervention. 8, 9 The purpose of this meta-analysis was to review the existing evidence regarding whether or not there is a difference in intelligence quotient (IQ) scores between children with UHL and children with normal hearing.
MATERIALS AND METHODS

Literature Search Strategy
Electronic database searches were conducted of PubMed Medline, Cumulative Index to Nursing and Allied Health Literature (CINAHL), Embase, and PsycINFO. The search identified English-language studies of pediatric UHL published between January 1980 and December 2014. The Medline query employed both the phrase "unilateral hearing loss" and medical subject headings term "hearing loss, unilateral." The following agerelated filters were used: "Adolescent: 13 to 18 years," "Child: 6 to 12 years," and "Preschool Child: 2 to 5 years." Both PsycINFO and CINAHL databases were queried using the search phrase "unilateral hearing loss" and age-related filters. The Embase query consisted of the following phrase: "unilateral hearing loss"/exp AND ( Editor's Note: This Manuscript was accepted for publication June 26, 2015. Presented at the podium for The Triological Society Combined Sections Meeting, San Diego, CA, U.S.A., January [22] [23] [24] 2015 .
Financial disclosures/support: Patricia Purcell is a research fellow at University of Washington. [adolescent]/lim) AND [english]/lim. In addition to electronic database queries, citations of relevant articles were reviewed to identify additional studies of interest.
Data Collection
Two authors (P.L.P. and J.R.S.) reviewed titles and abstracts of interest, and each independently evaluated the full text of articles deemed relevant for review. Each article was coded to document characteristics of the study and data regarding outcome measures.
Criteria for Study Selection
Types of Studies. The review included peer-reviewed, observational studies that contained an appropriate comparison group, including cohort, case-control, and cross-sectional studies.
Types of Participants. The review included studies evaluating children and adolescents ages 2 to 18 years old with permanent, or longstanding UHL, with comparisons to normal hearing children of similar age. Articles investigating hearing loss and educational outcomes in children with syndromes or craniofacial disorders were reviewed but were excluded from the final meta-analysis.
Types of Outcome Measures. The final analysis included only those studies that established full-scale, verbal, or performance IQ as a primary or secondary outcome measure.
Quality Measurement
Studies that met the above criteria for inclusion were reviewed and given quality ratings. The studies had to be rated as "high" or "intermediate" quality by methodological quality scoring system to be included in the meta-analysis.
Scores were assigned using quality evaluation guidelines for observational studies reported by Mozurkewich et al. 10 The following seven methodological parameters were evaluated within each study. Each parameter was assigned a score of 0, 1, or 2 for a potential maximum study score of 14:
1. Clearly defined method of selection of cases and controls 2. Precise definition of exposure and comparison groups 3. Data collection method that is unlikely to generate bias 4. Considerations to prevent recall bias 5. Exclusions clearly explained, and unlikely to contribute to bias 6. Balanced characteristics between exposed and unexposed groups 7. Equivalent clinical susceptibility, outcome of interest measured equally across groups Studies scoring greater than 9 were classified as "high quality;" studies scoring between 5 and 9 were classified as "intermediate quality," and studies scoring 4 or lower were classified as "poor quality."
Statistical Analysis
Intelligence quotient test results did not require additional standardization because these assessments are centered at a score of 100, with a standard deviation (SD) of 15. Studies were weighted by sample size and variance. Pooled effect size measurements of mean difference in IQ scores were determined and reported with 95% confidence intervals.
We conducted a meta-analysis for each IQ-score type separately and used fixed-effects models initially. The fixed-effects model assumes that individual studies have all been carried out under similar conditions. To evaluate the validity of this assumption, we calculated an I 2 statistic to quantify the degree of heterogeneity among studies. If the I 2 statistic was large and significant, then it was considered inappropriate to use the fixed-effects model due to excess heterogeneity among studies. In this case, weights were calculated using random-effects model, which takes into consideration variance between studies. In the event of substantial heterogeneity, 11 a sensitivity analysis was performed to investigate impact of outlying studies. In the event that only two studies were available for meta-analysis, a fixed-effects model was utilized due to the inability to calculate between-study variance with such a small number of studies.
For all analyses, statistical significance was set at P value < 0.05. Analyses were performed using STATA version 13.1 (STATA, Inc, College Station, TX).
RESULTS
Initial queries identified 261 unique titles. Twentynine articles underwent full review. There were two studies that evaluated educational outcomes, but not IQ score, in children with aural atresia. 12, 13 Initially, seven observational studies were identified for inclusion in the meta-analysis; however, four of these studies occurred as part of the Unilateral Hearing Loss in Children study at Washington University in St. Louis, Missouri. It was confirmed through contact with the research team and review of the articles that there was overlap of subjects among these four studies. Only the largest of these studies was included in the analysis in order to avoid redundancy. Figure 1 is a flow diagram of study selection. Table I contains the characteristics of the four observational studies included in the meta-analysis. [14] [15] [16] [17] The studies included 173 children with UHL and 202 children with normal hearing (NH). All four articles reported full-scale IQ scores; three reported verbal IQ scores; and two reported performance IQ results. Based on ratings from both reviewers, all four studies were "high quality" on methodological quality scores.
Three studies had a similar cross-sectional design, relying on matched controls recruited from either outpatient clinic or normal hearing siblings. The fourth study, based in Mexico, was performed within a larger cohort of children who had been identified as high risk for neurological injury at birth based on risk factors such as prematurity, low birth weight, mechanical ventilation after birth, and other adverse conditions. All of the studies excluded children from analysis if they had evidence of significant comorbid condition or major developmental delay at time of testing.
Ages of children at time of IQ testing ranged from 6 to 18 years. Only the 2013 Lieu et al. study 15 reported average age at diagnosis of UHL: 4.6 years. Only 8% of children within that study were diagnosed based on newborn hearing screening. The other three studies did not report newborn hearing screening results.
Full-Scale IQ
Meta-analysis of full-scale IQ scores using a fixedeffects model detected a significant pooled mean difference in IQ scores, P value < 0.001. Children with UHL were estimated to have a mean full-scale IQ that was 6.3 points lower than that of children with NH, 95% confidence interval (CI) [29.1, 23.5] . A moderate amount of heterogeneity among studies was detected, I 2 5 38.9%; however, it was not significant, P value 0.18. Therefore, it was deemed appropriate to report results using fixed-effects model (see Figure 2 ).
Verbal IQ Scores
Meta-analysis of verbal IQ scores using a fixedeffects model found a significant pooled mean difference in verbal IQ score, P value < 0.001. Children with UHL were estimated to have a mean verbal IQ that was 6.6 points lower than normal-hearing children, 95% CI [29.9, 23.3] ; however, substantial heterogeneity was detected, I 2 5 86.2%, P value < 0.001. Based on degree of heterogeneity, results were calculated using weights assigned by random-effects model (see Figure 3) . Random-effects model did not report a significant difference in verbal IQ, P value 0.066; however, the calculated mean difference increased: Compared to normal-hearing peers, children with UHL scored 9.1 points lower on verbal IQ, 95% CI (218.7, 0.6).
The substantial heterogeneity of the studies appeared to be due to the results of the Martinez-Cruz et al. study, 16 which relied on results from within a high-risk cohort, a different strategy than the other three studies. Therefore, to evaluate the effects of the outlying study on final results, a sensitivity analysis was performed to exclude the contribution of the Martinez-Cruz et al. study. 16 With exclusion of this study, the pooled mean difference in verbal IQ score between children with UHL and children with NH became significant, P value 0.028; however, the effect size was reduced such that children with UHL were estimated to have a mean verbal IQ 4 points lower than that of normal hearing children, 95% CI (27.5, 20.4) (see Figure 4 ).
Performance IQ
Because only two studies reported performance IQ results, meta-analysis of performance IQ scores was carried out using fixed-effects model. It detected a significant pooled mean difference in IQ scores, P value 0.037. Children with UHL were estimated to have a mean performance IQ that was 3.8 points lower than that of normal hearing children, 95% CI (27.3, 20.2) (see Figure 5 ).
Potential Confounding Conditions
Observational studies are subject to the limitations of confounding to a greater extent than randomized trials. All of the studies included in the meta-analysis made some effort to document characteristics of children with UHL and controls with NH (see Table II ). Despite efforts to match characteristics between the groups, some important differences were noted. In the study by Lieu et al., 15 15.6% of children with UHL had a history of head trauma as compared to 3.2% in the sibling matched controls, P value 0.008. Parents also reported a history of meningitis in 3% of children with UHL, although this was not assessed in sibling controls.
A number of significant differences between children with UHL and bilateral normal hearing were noted in study by Martinez-Cruz et al. 16 The authors reported the following differences: neonatal intensive care unit (NICU) stays were longer for children with UHL at 26 days as compared with 8 days for children with NH, P value < 0.001. Hospital stays were longer for children with UHL at 47 days as compared with 25 days for children with NH, P value 0.004. The 1-minute and 5-minute APGAR scores were lower for children with UHL, P value 0.01. Indirect bilirubin levels were higher for children with UHL, P value 0.004. Children with UHL were more likely to have suffered from hypoglycemia, P value 0.04, and bronchopulmonary dysplasia, P value 0.002.
DISCUSSION
Accurately measuring educational achievement can be challenging. Intelligence quotient scores are reported in a standardized method, making it easier to compare results across studies. This meta-analysis suggests that children with UHL have significantly lower full-scale and performance IQ scores than normal-hearing peers. Results for verbal IQ were not quite as conclusive; however, after removal of the outlying study, we calculated a significant difference. Such results are important because, in many cases, the individual studies had failed to detect a significant difference. For example, both studies that reported performance IQ 15, 17 did not find a significant difference in score between children with UHL and children with NH; however, when pooled, a significant difference was noted. Overall, we found that children with UHL have a mean full-scale IQ that is more than 6 points lower than children with normal hearing. In terms of clinical relevance, this difference in IQ points is not quite half a standard deviation lower on the IQ scale.
There was not significant heterogeneity in reporting of full-scale and performance IQ results. However, we found substantial heterogeneity when evaluating verbal IQ scores. With exclusion of the source of the heterogeneity-the Martinez-Cruz study, 16 which relied upon a high-risk medical cohort-we found a significant difference in verbal IQ score between children with UHL and children with NH.
Previous studies have used a diverse array of tests to characterize the impact of UHL among children and adolescents. For example, Ead et al. used a battery of tests to find that children with UHL have reduced accuracy and efficiency of phonological processing, along with difficulty maintaining verbal information in the face of auditory distractions. 18 Tibbetts et al. utilized functional magnetic resonance imaging to better understand the impact of UHL on neural connectivity in auditory processing and executive function, finding differences in brain network interconnections between children with UHL and normal hearing controls. 19 There have also been attempts to investigate whether these abnormal networks differ based on if a child has a rightor a left-sided hearing loss. 20 Investigations have evaluated the functional impact of UHL on sound localization and speech discrimination and have determined that unilateral impairment is a significant handicap. 21 For example, children with UHL require significantly higher signal-to-noise ratios than normal hearing children under all listening conditions, including when a signal is delivered directly to their unimpaired ear. 22 To evaluate quality of life among children with UHL, Borton et al. conducted focus groups of children with UHL and their parents. 23 Group discussions revealed that children with UHL perceived barriers in educational and social settings; however, many children displayed resilience in adapting to their impairment. Studies have also used the Screening Instrument for Targeting Education Risk (SIFTER) to determine how well teachers rate performance of children with UHL when compared to normal-hearing peers. Not only did With exclusion of outlying study, the pooled mean difference in verbal IQ score became significant, P value 0.028; however, the effect size was reduced, so that children with UHL were estimated to have a mean verbal IQ 4 points lower than that of normal hearing children, 95% CI [27.5, 20.4] . [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.] these studies find that children with UHL receive significantly lower SIFTER scores than their peers, 24 but somewhat surprisingly, there was a negative association between degree of hearing impairment and teachers' ratings of student performance. 25 Children with more severe bilateral hearing loss were rated as scoring better academically, participating more fully in class, communicating more effectively, and demonstrating better behavior than children with minimal or UHL. The authors posited that this positive correlation between hearing threshold and SIFTER score could be due to the fact that children who are more severely affected have greater access to support services. Somewhat similarly, a large case series from Omaha, Nebraska, of 324 children and adolescents with UHL found 31% of the children to have scholastic or behavioral problems in school. 26 Evidence suggests that educational disparities continue into adolescence. 27 In summary, it appears that children with UHL face a range of difficulties in educational environments, and these challenges may be underappreciated.
Unfortunately, management of UHL remains a challenge. Variability in management is perhaps based on the lack of definitive evidence that children with UHL differ from children with NH. Based on the findings of this meta-analysis, IQ scores may be a relevant outcome to follow in the future. There is also a need for future studies to investigate how well various methods of hearing amplification, such as conventional hearing aids or contralateral routing of signal devices, improve detection and localization of signal. Determining benefit can be difficult because studies have found subjective reports of benefit with conventional hearing aids despite no change in speech perception scores. 28 Questions regarding optimal management of UHL continue to gain importance as interest grows in surgical options such as bone conduction hearing devices and even cochlear implants. 29, 30 The age at which an intervention is applied may also affect outcome. For example, Johnstone et al. found that children who received hearing amplification earlier in life were more likely to show bilateral benefit with sound localization; however, children who were fit with hearing aids later in childhood or adolescence were more likely to experience bilateral interference with localization with hearing aids in place. 31 Such results reinforce the notion that critical brain development occurs early in life; therefore, if a child with UHL does not receive early intervention during the appropriate time window, the child may be less successful with future attempts at management. Studies suggest that universal newborn hearing screening has reduced the average age at diagnosis of UHL, 32 which may improve efforts to provide early intervention. 33 Although in the 2013 study by Lieu et al., 15 only 8% of the 107 children with UHL had been diagnosed through newborn hearing screening, perhaps indicating a need to further optimize newborn screening for children with UHL.
Apart from amplification, there is evidence that educational support services benefit school-aged children with UHL. In a separate longitudinal study, Lieu et al. found improvement in language scores when schools provided children with UHL individualized education plans over a 3-year period. 34 Preferential seating at the front of the class is another option for educational support. It has been found that individuals with UHL must sit approximately half the distance away from a speaker as an individual with NH to have similar speech discrimination. 35 Although this meta-analysis suggests that children with UHL have lower IQ scores, it is important to consider the limitations of the study. First, only four observational studies were identified for inclusion in the meta-analysis. It is possible that publication bias could play a role by limiting the publication of studies that did not find a significant difference in results.
Heterogeneity among studies was detected when investigating verbal IQ. The Martinez-Cruz et al. study 16 differed from the others in terms of its results, detecting a greater degree of difference between IQ scores of children with UHL and children with normal hearing. The study was conducted in Mexico, whereas the other three studies were performed in the United States. It is possible that differences in available resources to support children with hearing loss might be contributing to some of the variation that was identified. With the Martinez-Cruz et al. study 16 excluded, the meta-analysis calculated a significant difference in verbal IQ score.
In addition, this meta-analysis did not include studies that primarily evaluated educational outcomes in children with craniofacial disorders, such as aural atresia. Two studies were identified that investigated children with atresia. The results of the studies were mixed: one found that children with atresia seemed to perform better academically than children with unilateral SNHL, 12 whereas the other found similar risks of speech and learning difficulties as children with unilateral SNHL. 13 Additional research is needed to evaluate educational impact of UHL associated with craniofacial disorders.
It is possible that duration of UHL may also affect educational achievement. Only the 2013 Lieu et al. study 15 reported on the method of UHL detection and average age at diagnosis. Interestingly, only 8% of children with UHL in that study were detected by newborn hearing screening, so it is possible that some of the children could have developed progressive hearing loss in a more delayed fashion. All of the studies included in the meta-analysis attempted to limit enrollment to longstanding UHL. Schmithorst et al. 14 were unable to determine time of diagnosis for four of the children included in their study, although all of the children with UHL were confirmed to have SNHL.
In addition, IQ testing is only one method for measuring educational development. There are a number of other methods for assessing speech and language skills and cognitive growth. Some other possibilities include age at first word or two-word sentence, presence or absence of special education requirements, and specific speech and language standardized testing. We attempted to analyze these other markers of educational development but did not find enough consistency between studies to perform additional meta-analyses. Future studies could investigate these other measures to better quantify the developmental burden associated with UHL.
Finally, because it relies upon observational studies, this meta-analysis cannot confirm causation. It is quite possible that children with UHL are at risk for comorbid conditions such as birth complications or syndromes, which may also contribute to difficulties with educational development. Important differences in the frequency of comorbid conditions were noted between the groups in two of the studies included in the metaanalysis. In the 2013 Lieu et al. study, 15 children with UHL were more likely to have a history of head trauma, which could have an effect on IQ score. The MartinezCruz et al. study 16 reported a number of differences, ranging from length of NICU stay to indirect bilirubin levels, all of which could indicate underlying medical issues.
It is not possible to control for all confounders in observational studies, and there is no way to conduct a randomized trial to investigate the association between UHL and IQ score. Based on our methodological criteria, all studies received a high quality rating in part because they endeavored to match children with UHL with controls based on a wide range of factors. However, limitations remain. For example, the Schmithorst study 14 did not describe any attempt to match on socioeconomic status, which is an important consideration when evaluating educational achievement. Additional variables could affect a child's IQ score by shaping access to educational support services; these variables include family education level, socioeconomic status, and early identification of hearing loss. It is difficult to assess this information in the current meta-analysis because there is inconsistent reporting of this data across the studies. In addition, the study by Klee and Davis-Dansky 17 was published prior to wide implementation of newborn and early hearing screening, which may impact timely implementation of services.
However, even if it is not UHL alone, but rather a combination of UHL, comorbid conditions, and demographic factors that lead to lower IQ scores, it seems quite possible that children with UHL stand to benefit from improved management of their impairment. For this reason, future studies should investigate potential ways to reduce disparities in educational achievement.
CONCLUSION
Available evidence suggests there are significant differences in full-scale and performance IQ scores between children with UHL and those with NH. Results for verbal IQ are not quite as conclusive; however, after accounting for heterogeneity, a significant difference was detected. Future studies should investigate whether early intervention, hearing amplification, and other support services can reduce the disparity in IQ scores between children with UHL and children with NH.
